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ABSTRACT 13 
 14 
A study of the suitable operational conditions for the regeneration of exhausted homoionic 15 
natural zeolite with ammonium was carried out. Laboratory-scale columns using NaCl solutions 16 
with concentrations of 2 and 4 mol/L and hydraulic loadings of  4, 6 and 8 bed volumes per hour 17 
(BV/h) were assessed. For both NaCl concentrations studied, the hydraulic load of 6 BV/h 18 
showed the highest ammonia nitrogen output from the exhausted zeolite bed. Results showed that 19 
the hydraulic load (BV/h) had a greater influence on the regeneration efficiency than the  20 
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concentration of the regenerating solution. 26 
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 30 
INTRODUCTION 31 
 32 
The intensive use of land for agriculture and animal breeding has led to an increase in the 33 
eutrophication of lakes, estuaries and rivers, and the contamination of underground water 34 
reservoirs as a result of the presence of nitrogen, phosphorus and carbon compounds. The 35 
continuous increase in the nutrient concentration in different sources of water has led to the 36 
introduction of strict regulations for the control of the disposal of nitrogen and phosphorus in 37 
different regions.[1-6] Many wastewater treatment systems do not allow the removal and recovery 38 
of nutrients, and final effluents are disposed containing nitrogen and phosphorus compounds. 39 
Different methods have been developed for removing ammonia nitrogen from sewage, 40 
agricultural and industrial wastes. Among the most widely used methods for removing ammonia 41 
from wastewaters are air stripping, ionic exchange and biological nitrification/denitrification. 42 
Many researchers concluded that ion exchange is a very promising technology for ammonia 43 
nitrogen removal, because of the low investment involved, the appropriateness in extreme 44 
climatic conditions (low temperature) and the small area needed for the process.[7-12]  45 
  Ion exchange using different types of natural and synthetic zeolites has been widely 46 
employed for ammoniacal nitrogen removal.[13-16] Several studies on ammoniacal nitrogen 47 
sorption capacity of natural zeolite (clinoptilolite and mordenite types) have shown values of 48 
between 4 - 20 mg NH4
+/g of zeolite.[14,15,17-19] Studies exist on the optimization of the ion 49 
 3
exchange process using a natural zeolite (clinoptilolite) for ammonia removal. Approximately 50 
50% to 60% of the total cost of the ion exchange process is determined by the chemical 51 
regeneration process of the zeolite. In general, hydraulic loads from 4 to 20 bed volumes per hour 52 
(BV/h) have been used previously to regenerate ammonium exhausted zeolite.[18-26] However, no 53 
sound study on the influence of the operational conditions for achieving a maximum chemical 54 
regeneration of the zeolite has been reported to date.   55 
The aim of the present work was to study the influence and interaction between the hydraulic 56 
loading (BV/h) and concentration of the backwash regeneration solution on chemical 57 
regeneration of zeolite  in order to obtain the most practical and effective regeneration conditions 58 
of the zeolite for its reuse. 59 
 60 
MATERIALS AND METHODS 61 
 62 
Homoionic Natural Zeolites 63 
 64 
The natural zeolite used in the experiments was obtained from the Oaxaca deposit in Mexico. The 65 
chemical composition of this zeolite was: SiO2, 58.05%; Al2O3, 11.94%; Fe2O3, 4.36%; MgO, 66 
0.77%; CaO, 5.94%; Na2O, 1.5%; K2O, 1.2%; Ignition Wastes, 12.09%. In addition, its phase 67 
composition was: Clinoptilolite, 35%;  Mordenite, 15%;  Montmorillonite, 30%; Others (Calcite, 68 
Feldespate and Quartz): 20%.  69 
This zeolite was transformed into sodium homoionic zeolite by using a 1 M NaCl solution at 70 
approx. 90ºC for 2h. This treatment was repeated twice to force the zeolite as far as possible into 71 
the relevant homoionic form. The samples treated in this way were washed with deionized water 72 
and subsequently dried at 50ºC.[26, 27] 73 
 4
The cationic composition of natural and homoionic zeolites was as follows (all amounts 74 
expressed as mg of cation per g of zeolite): 75 
Natural zeolite: Na+, 4.6; Ca2+, 16.0; K+, 15.6; Mg2+, 8.5. 76 
Homoionic zeolite: Na+, 36.8; Ca2+, 2.0; K+, 11.7.   77 
The zeolite packed had 58% porosity and an apparent density of 0.81 g/mL. The natural 78 
zeolite had a particle size of between 1.0-2.0 mm. 79 
 80 
 Load and Regeneration Solutions 81 
 82 
Ammoniacal influent feed was made from 0.01g/L NH4NO3 stop solution. The average value of 83 
the ammonia concentration in the influent was 120 mg/L. Regeneration solutions with 84 
concentrations of 2 and 4 mol/L (M) NaCl were prepared with deionized water. 85 
 86 
Experimental Procedure 87 
 88 
Packed columns 20 cm high and with an internal diameter of 3.5 cm were used. They contained a 89 
total zeolite mass of 55 g. Ammoniacal influent (NH4NO3 solution) was pumped at 2 BV/h and 90 
both regeneration solutions (2 and 4 mol/L NaCl) were used at flows of 4, 6 and 8 BV/h.  91 
To obtain the best regeneration conditions, different load-regeneration cycles were applied in 92 
order to determine the loss of the ammonium capacity of packed homoionic zeolite. In all 93 
experiments, triplicate samples of effluents were taken each hour to determine the required 94 
parameters. 95 
 96 
Analytical Techniques 97 
 5
 98 
Ammonia nitrogen was analyzed by selective electrode (ORION pH/ISE-meter 727). Sodium 99 
concentration was determined by Atomic Absorption Spectrometry. Both determinations were 100 
carried out following Standard Methods.[28] 101 
Zeolite samples with a maximum weight of 0.5 g were digested in a microwave oven (CEM 102 
Corporation-MDS 2000). Afterwards, the sodium and ammonium contents of the liquid were also 103 
determined. This treatment aimed to characterize the zeolite after its regeneration. 104 
 105 
 106 
RESULTS AND DISCUSSION 107 
 108 
The relationship between the hydraulic loading (BV/h) and concentration or molarity of the 109 
backwash regeneration solution was determined in order to calculate the operation time needed 110 
and to obtain optimal operating conditions. Ammonium removal from zeolite as (Co - Ci)/Co for 111 
both regeneration solutions (2 and 4 mol/L) applied at different hydraulic loads (BV/h)  (Figs. 1 112 
and 2, respectively), where  Co denotes the ammonium concentration in the exhausted zeolite  113 
(22.51 mg/g of zeolite) and Ci  is the ammonium concentration at any time during the 114 
regeneration operation.  115 
In the case of  2 mol/L NaCl solution and  6 BV/h of hydraulic loading, 60% regeneration 116 
was obtained at 4 h contact time, whereas 8 h of operation time was needed to obtain similar 117 
efficiency at 4 BV/h. Finally, for 8 BV/h only 48% regeneration was reached after 12 h of 118 
operation time (Fig. 1). 119 
For 4 mol/L of the regenerating solution and hydraulic loading of 6 BV/h (Fig. 2), 60% 120 
regeneration was achieved in the first hour of operation and a maximum of 80 % was obtained at 121 
 6
8 h operation time. By comparing the hydraulic loads of 4 and 8 BV/h, the behaviour was only 122 
slightly different during the first five hours of operation. In both cases the systems achieved 123 
equilibrium at 9 h operation time with a regeneration percentage of 65%. For both concentrations 124 
and similar hydraulic loadings the curves showed a tendency to reach equilibrium at between 8 125 
and 10 hours operation time. At 4 mol/L of regenerating solution and at 4 BV/h, equilibrium was 126 
achieved at 3 h, while at other hydraulic loadings 8 hours were needed. For all hydraulic loadings 127 
applied with 2 mol/L concentration solutions equilibrium was obtained after 10 h. At 4 mol/L of 128 
regenerating solution and hydraulic loading of 4 BV/h, equilibrium was achieved before of 129 
comparing to 6 and 8 BV/h regeneration curves.  130 
Lower concentrations of the regenerating solutions (0.5 mol/L, NaCl) and higher flow-rates 131 
of these solutions (15-20 BV/h) were previously used to reduce ammonia concentration in 132 
regeneration solution effluent to below 0.5 mg NH4
+-N/L.[18] Low concentration of the 133 
regenerating solution (0.1 mg/L, NaHCO3) was also used during the desorption of uranium (VI) 134 
in fixed bed ion-exchange columns using natural zeolite coated with Manganese oxide (MOCZ). 135 
The column could be used for at least four adsorption-desorption cycles using the above-136 
mentioned  NaHCO3 solution concentration.
[29] Loadings of 7-8 BV/h of a regenerating solution 137 
of NaCl were also used for eliminating more than 95% of adsorbed ammonium ions in bench-138 
scale packed zeolite columns. The adsorption-regeneration time ratio was approximately 5:1.[30]   139 
In all systems studied in the present work, the first two-hour operation appears to have a 140 
great influence on the overall kinetics since the relationships between sodium and ammonium 141 
concentrations in the liquid-solid interface are the highest. In order to demonstrate this, a mass 142 
balance for determining the leached ammonium for hydraulic loadings of 6 and 8 BV/h was 143 
carried out with a regenerating solution concentration of 4 mol/L.  Figure 3 presents the variation 144 
of the accumulative ammonium concentration leached in this experiment with the operation time; 145 
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different responses were observed during the first 30 min. A higher concentration of ammonium 146 
in the leachate was found in the effluent solution obtained at 6 BV/h than at 8 BV/h. At 1.5 hours 147 
of operation time the leachate concentrations were 0.9 mg/L and 0.7 mg/L for 6 and 8 BV/h, 148 
respectively, indicating an influence of liquid velocity only during the first hour of operation 149 
time. This behaviour could be determined by the fact that at 8 BV/h the diffusion in zeolite 150 
structure could be affected by a higher linear velocity applied to the system. Diffusion may be the 151 
controlling step in this process, and consequently further ionic exchange sites to solid-liquid 152 
interface could not be reached.[19, 31-35] Overall rates of adsorption, desorption and ion exchange 153 
in porous materials are generally controlled by mass transport within the pore network, rather 154 
than by the kinetics of desorption or ion exchange itself.[32] Actually, the effective diffusion 155 
coefficient is a macroscopic average over a large number of ions (or molecules) in pores of 156 
different sizes, shapes and directions and at larger and smaller distances from the pore walls, 157 
expressing the average ability of the species to make headway in any given direction.  Limited 158 
data are also available on the rates of some metal exchanges on zeolite, in terms of diffusion 159 
coefficients.[32] 160 
Based on the results obtained in the present work, the values of the diffusion coefficients 161 
were determined for all conditions studied according to the model described previously by 162 
Roque.[31] These values were summarized in Table 1. For a same hydraulic loading, the diffusion 163 
coefficient corresponding to the lowest NaCl concentration (2M) was always higher than that 164 
corresponding to the highest concentration used (4 M), especially in the case of a hydraulic load 165 
of 4 BV/h.  166 
The values of the diffusion coefficients obtained in this work were somewhat higher than 167 
those obtained in the lead uptake process by using clinoptilolite with particle sizes in the range of 168 
0.02-0.045 cm.[31]   169 
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Table 2 summarizes the zeolite characteristics after the regeneration step. The sodium 170 
concentration in the zeolite increased with the concentration of regenerating solution. Analyzing 171 
the load effect at the same concentration of regenerating solution, it was observed that operating 172 
the systems at 6 BV/h only half the time is needed to reach 60% removal as compared to 4 BV/h, 173 
while at 8 BV/h the required operation time was more than three times higher. As a consequence, 174 
the required NaCl consumption was higher as the operation time increased. 175 
 When the systems were fed with 4 M solutions the operation times were shorter and the 176 
regeneration efficiencies were maximized, but this also implies an economic analysis. Based on 177 
the last results, different load-regeneration cycles were carried out at 6 BV/h hydraulic loading, 178 
for both NaCl concentrations. Figure 4 shows the cyclic behaviour of nitrogen and sodium 179 
content in the packed zeolite column between each load (with an ammonium solution of 120 180 
mg/L - impair)-regeneration (with both NaCl solutions - pair) cycle.  181 
Despite the cyclic behaviour shown, the ion concentration in the zeolite denotes a slight 182 
diminution of both sodium and ammonium between each cycle (load-regeneration).  From the 183 
second regeneration cycle the breakthrough load point was two hours lower than the first 184 
ammonium load, and for the third and fourth cycles four and six hours lower, respectively. This 185 
could be due to zeolite loss caused by mechanical shut-down forces and to the pH and 186 
conductivity values of regenerating solutions. This phenomenon was also previously observed 187 
during a study of regeneration step optimization,[23] which implied the substitution of 5% zeolite 188 
mass column between four and six months, depending on the regeneration step frequency.  189 
Effluent regenerating analysis showed sodium concentration values of 44±3 and 84±2 g/L, 190 
for 2 and 4 M respectively, from the fourth-hour of operation time. In the case of ammonium, the 191 
values were lower than 85 and 72 mg/L, for 2 and 4 M NaCl solutions respectively. Then, taking 192 
into account the ammonium quantity in the regenerating solution output it is possible to suggest 193 
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the recirculation of regenerating effluent from a fourth-hour operation time. Besides, it is also 194 
necessary to find a sustainable alternative for disposing of this high ammonium content effluent, 195 
according to the geographical location where the technology is being applied. 196 
 197 
CONCLUSIONS 198 
 199 
A higher influence of the hydraulic loading of the regeneration solution than of the concentration 200 
of this solution on the regeneration efficiency was found. For a hydraulic loading of 8 BV/h a 201 
considerable diminution in the regeneration efficiency was observed. The cyclic behaviour of 202 
different load-regeneration showed a slight progressive decrease in the zeolite capacity. 203 
Therefore, it is very important to consider putting back the material of exchange due to the 204 
capacity lost during the process.  205 
 206 
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 317 
FIGURE CAPTIONS 318 
 319 
Figure 1. Time course of  zeolite regeneration using a 2 mol NaCl/L solution with different loads 320 
(BV/h). 321 
 322 
Figure 2.  Time course of  zeolite regeneration using a 4 mol NaCl/L solution with different 323 
loads (BV/h). 324 
 325 
Figure 3. Accumulative ammonium concentration leached at hydraulic loadings of 6 and 8 BV/h. 326 
  327 
Figure 4. Variation of the amount of ammonium and sodium chloride exchanged in  328 
           miliequivalents during the loading and regeneration cycles, respectively.329 
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 429 
Table 1. Values of the diffusion coefficients (De, cm2/s)* obtained for all the experimental 430 
conditions tested.  431 
Operational 
conditions (Load 
and NaCl conc.) 
De  
(cm2/s) 
4BV/h and 2 mol/L 4.5x10-8 
4BV/h and 4 mol/L 0.6x10-8 
6BV/h and 2 mol/L 2.9x10-8 
6BV/h and 4 mol/L 2.3x10-8 
8BV/h and 2 mol/L 2.4x10-8 
8BV/h and 4 mol/L 1.8x10-8 
 * The standard deviations of the diffusion coefficient values were less than 5% in all 432 
cases. 433 
 434 
 435 
 436 
 437 
 438 
 439 
 440 
 441 
 442 
 443 
 20 
 444 
Table 2. Results of the zeolite features after its regeneration. 445 
Condition (Load 
and NaCl conc.) 
mg of  Na+/g 
of zeolite & 
Breakthrought 
removal percent 
t60% (h) && Required g 
of Na+ (*)  
4BV/h and 2 mol/L 33.09 60 8 88.73 
4BV/h and 4 mol/L 34.55 60 1.5 35.04 
6BV/h and 2 mol/L 31.73 60 4 74.89 
6BV/h and 4 mol/L 34.01 60 0.88 28.48 
8BV/h and 2 mol/L 29.76 50 (**) 15 (**) 374.03 
8BV/h and 4 mol/L 33.66 60 3 150.7 
(*) Based on 60% removal of ammonia nitrogen from zeolite bed. 446 
(**) Obtained from curve extrapolation. 447 
& Values of sodium concentration in the zeolite were averages of three determinations; the 448 
standard deviations of the mean values were less than 5% in all cases. 449 
&& t60%: time (h) that is necessary to reach 60% ammonium removal or 60% zeolite 450 
regeneration.   451 
